The present study was carried out on B356 and B357 alloys using the thermal analysis technique. Metallographic samples prepared from these castings were examined using optical microscopy and FESEM. Results revealed that beryllium causes partial modification of the eutectic Si, similar to that reported for magnesium additions. Addition of 0.8 wt.% Mg reduces the eutectic temperature by ∼10 ∘ C. During solidification of alloys containing high levels of Fe and Mg, but no Sr, formation of a Be-Fe phase was detected at 611 ∘ C, close to that of -Al. The Be-Fe phase precipitates in script-like form at or close to the -Al 5 SiFe platelets. A new reaction, composed of fine particles of Si and -Fe phase, was observed to occur near the end of solidification in high Mg-, high Fe-, and Be-containing alloys. The amount of this reaction decreased with the addition of Sr. Occasionally, Be-containing phase particles were observed as part of the reaction. Addition of Be has a noticeable effect on decreasing the -Al 5 FeSi platelet length; this effect may be enhanced by addition of Sr. Beryllium addition also results in precipitation of the -Al 5 FeSi phase in nodular form, which lowers its harmful effects on the alloy mechanical properties.
Introduction
Bäckerud et al. [1] reported that the main reactions to be observed in the Al-7%Si-0.56%Mg alloy containing 0.14 wt.% Fe are (i) the formation of primary -Al dendrites, (ii) the formation of the Al-Si eutectic phase along with the -Al 5 FeSi phase, and (iii) the formation of secondary eutectic phases. It will be observed that there are two possible reactions required for the formation of the -phase. The first is a result of the transformation of the -Al 5 FeSi phase into the -phase through a peritectic reaction. The general microstructure of Al-7%Si-Mg alloys consists of (i) primary -Al, (ii) Mg 2 Si displaying Chinese script morphology, (iii) -phase (Al 5 FeSi) with its plate-like morphology, and (iv) the script-likephase (Al 8 Mg 3 FeSi 6 ) [1] .
Phragmén [2] reported that the composition of theAl 5 FeSi phase is 27 wt.% Fe and 13.5 wt.% Si with a density of 3.30-3.35 g/cm 3 , appearing in the form of thin platelets or needles in the microstructure. The -Al 5 FeSi phase grows in a lateral or faceted mode and contains multiple (001) growth twins parallel to the growth direction [3] . The first suggestion of the stoichiometry of the -phase, from the work of Foss et al. [4] , was Al 9 FeMg 3 Si 5 , which deviates from the Al 8 Mg 3 FeSi 6 suggested by others [1, 5] . Thephase is a quaternary phase having a script-like morphology, often linked with -Al 5 FeSi [5] . The chemical composition of the -phase, observed only in two possible morphologies, is 10.9 wt.% Fe, 32.9 wt.% Si, and 14.1 wt.% Mg, with a density of 2.82 g/cm 3 [5] [6] [7] . It has been observed that the addition of strontium acts as an obstacle for the nucleation of the -Al 5 FeSi platelets, by reducing the number of sites ultimately available for nucleation. As a result, the -Al 5 FeSi phase precipitates at a smaller number of sites, leading to the precipitation of needles which are larger compared to those in the nonmodified alloy [8] . It has been reported that for a 319 alloy containing 0.46 wt.% Fe and solidified at a slow cooling rate, the optimum Sr levels lie closer to the limit of 400 ppm: as the Fe level increases, the optimum Sr level will be observed to shift towards the higher limit [9] . For Al-Si-Fe-Mg cast alloys, prior investigations have shown that the amount of -phase and -phase may remain constant regardless of the Mg content, whereas the amount of Mg 2 Si increases [10] . Cáceres et al. [11] studied the microstructures of two Al-Si-Mg casting alloys, respectively, containing 0.4 wt.% and 0.7 wt.% Mg. It was observed that the iron intermetallic phases in high Mg-content alloys are larger than those are in alloys containing low levels of Mg and that the Fe-rich intermetallic phases in low-Mg alloys were exclusively small -Al 5 FeSi phase plates, while large -phase (Al 8 Mg 3 FeSi 6 ) particles were dominant in high-Mg alloys together with a small proportion of the -Al 5 FeSi phase. It has been observed that the addition of Mg to Al-Si-Mg casting alloys, at three different cooling rates, changes the solidification sequence and the type of iron intermetallic phase formed [1] . At Mg additions of more than 1.0 wt.% to molten 319 type alloys, the amount of the -Al 5 FeSi phase is reduced as a result of the transformation of the -phase into the -Al 8 Mg 3 FeSi 6 phase [12] . It has been reported that increasing the Mg content from 0.4 to 0.7 wt.% in 357 alloys significantly increases the potential for the formation of the Mg-containing Al 8 FeMg 3 Si 6 iron intermetallic phase [13] .
The present study is an extension of the work carried by Elsharkawi, Figure 1 [5] , on the effects of metallurgical parameters on the decomposition of the -Al 8 Mg 3 FeSi 6 phase in Al-Si-Mg alloys, with an emphasis on the role of Be, Sr in the microstructural features of B356 and B357 alloys, by first considering the role of increasing both the Mg and Fe content.
Experimental Procedure
Both B356 and B357 alloys were investigated in the present study. The Mg level was increased by adding pure Mg to the alloy melts to obtain Mg levels of 0.4 wt.%, 0.6 wt.%, and 0.8 wt.%. The Fe and Be were added in the form of Al-25 wt.% Thermal analysis is used to examine the combined interaction between strontium and boron, as well as the likely effect of boron in partial modification of the eutectic Si particles. Near equilibrium conditions (i.e., very slow cooling rate) were achieved through the use of a graphite cup preheated to 600 ∘ C. Approximately 600 grams of the alloy was taken in a SiC crucible and was poured at 735 ∘ C ± 5 ∘ C (100 ∘ C above the liquidus). The temperature was measured by K-type (chromel-alumel) thermocouples located at the centerline position within the sample cup at midheight. Cooling curves were recorded and the castings were sectioned perpendicular to the axis of the cylinder, at the level of the thermocouple, and then polished/etched for metallographic purposes.
The dendrite arm spacing (DAS) values were determined from metallography samples using Climax image analyzer system in conjunction with optical microscope. At least 40 measurements were made for each sample and the average value of at least 100 dendrites was taken to represent the DAS value for the corresponding level.
A quantitative evaluation of the eutectic Si particle characteristics was carried out using image analysis. From these measurements, the average value and standard deviation were obtained in each case. Samples for metallography were examined using optical microscopy as well as scanning electron microscopy (SEM), coupled with energy dispersive X-ray spectrometry (EDS), and wavelength dispersion spectrometry (WDS) detectors.
Results and Discussion
3.1. Si Particles. The silicon particle characteristics for the various alloy compositions investigated are summarized in Table 2 , in which the Si particle measurements for the A1 base alloy samples, with low Mg and low Fe content using the graphite mold giving a DAS of ∼65 m, are listed. It can be seen that the Si particle area decreased from 76.70 to 3.18 m 2 , the Si particle length decreased from 21.60 to 3.05 m, and the aspect ratio decreased from 3.52 to 2.11, while the roundness ratio increased from 28.4 to 46.0% after Sr-modification in the alloy A1S sample. In the case of Be addition (alloy A1B), the Si particle area decreased to 49.60 m 2 , the Si particle length decreased to 15.20 m, and the aspect ratio decreased to 2.85, while the roundness ratio increased to 33.8%. The presence of both Sr and Be in alloy A1BS resulted in decreasing the Si particle area to 2.75 m 2 , decreasing the Si particle length to 3.0 m, decreasing the aspect ratio to 2.18, and increasing the roundness ratio to 43.5%. After increasing the Mg and Fe contents (alloy C3), the Si particle area decreased to 20.7 m 2 , the Si particle length decreased to 9.63 m, and the aspect ratio decreased to 2.86, while the roundness ratio increased to 36.2%. The combined effect of the four elements (alloy C3BS) resulted in decreasing the Si particle area to 3.38 m 2 , decreasing the Si particle length to 3.27 m, decreasing the aspect ratio to 2.15, and increasing the roundness ratio to 43.9%. The values listed reflect the modification effect of Sr and partial modification effects of Mg and Be, but with increasing Fe levels it appears that most of the Be reacts with the Fe to form a Be-Fe phase (most probably, Al 8 Fe 2 BeSi [14] ), thereby reducing the partial modification effect attributed to Be.
Thermal Analysis

Effects of Iron and Magnesium
Content. Thermal analysis was carried out to determine the precipitation sequence and formation temperature of the intermetallic phases observed in the 357 alloys containing different levels of Fe and Mg. In this respect, alloys A1, C3BS, and C3B were selected as examples. The reactions and corresponding temperatures observed in the cooling curves for the alloys studied are summarized in Table 3 . Figure 2 (a) represents solidification of the base alloy A1, showing the precipitation of -Al (1), followed by formation of the Al-Si eutectic phase (2), together with the precipitation of the -Al 5 FeSi. It is expected that as solidification proceeds, the -phase content present will be transformed into the -phase as a result of the preeutectic reaction
is characterized by a wide peak, which may arise from two merged reactions; first reaction is related to the formation of Mg 2 Si followed by the second reaction which corresponds to the quaternary reaction, L → Al + Si + Mg 2 Si + Al 8 Mg 3 FeSi 6 .
By comparing the first derivative curve in Figure 2 (a) with the one shown in Figure 3 (a) for alloys A1 (base alloy) and C3BS, respectively, it will be seen that, at 0.09 wt.% Fe, for the A1 base alloy, the first derivative curve reveals four peaks, while at 0.6 wt.% Fe, C3BS alloy, a new peak marked (2) may be observed before the eutectic reaction. This peak corresponds to the formation of the preeutectic -phase, while the precipitation of Mg 2 Si was formed with reaction (4). Reaction (5) may be explained as
where -Al 5 FeSi phase was transformed into the -phase.
Other reactions remain the same as those described in Figure 4 (a).
To reach a better understanding of the effect of Fe content on intermetallic formation, it has been reported [15, 16] that increasing the Fe content from 0.09 wt.% to 0.6 wt.% changes the solidification sequences of Al-7Si-0.4Mg alloys (base alloy A1), which can be explained by the current thermal analysis. At 0.09 wt.% Fe, the -phase precipitates at low temperatures together with the Al-Si eutectic phase and is characterized by fine platelets in the microstructure, as shown in Figure 2(b) . At 0.6 wt.% Fe, most of the -phase will precipitate at high temperatures before the Al-Si eutectic phase. This -phase is characterized by much larger size in the microstructure, as shown in Figures 3(b) and 3(c) . As a result, increasing the Fe content will increase the size of the -phase in the microstructure, which would have a negative effect on the alloy mechanical properties.
For a clear understanding of the effects of Mg addition on the precipitation sequence and reaction temperature, the Mg content in Sr-modified alloy C3BS (Figure 5 ), also in nonmodified alloy C3B (Figure 4) , was increased up to 0.8 wt.%. Two separate peaks were identified corresponding to reactions (4) and (5) . The reactions and their corresponding formation temperatures during solidification of alloys C3BS and A1, containing high and low Mg levels, respectively, are listed in Table 3 . There is a significant reduction in the eutectic temperature by ∼10 ∘ C in high Mg-containing alloy (C3BS), compared to the low Mg-containing alloy (A1), which is in a good agreement with published findings [17] . Moustafa et al. [18] reported that the observed reduction in eutectic temperature affects the modification of the eutectic Si particles.
After an extensive investigation of the microstructure, the -Al 8 Mg 3 FeSi 6 phase is often observed to be in close contact with -Al 5 FeSi phase platelets. Figure 2(c) is an enlarged micrograph revealing the transformation of the -phase to -phase. Thus it may be reasonable to assume that theAl 5 FeSi phase will precipitate first followed by the growth of the -Al 8 Mg 3 FeSi 6 phase from the surface of the -Al 5 FeSi thereafter, according to
(2) Figure 7 shows the elements distribution in the -phase.
Effects of Beryllium Content.
The morphology of iron intermetallic shows the precipitation of several types in Becontaining and Be-free alloys. The Fe intermetallics observed in the optical microstructure of the Al-7Si-0.8Mg-0.6Fe-0.05Be, C3B alloy, are (i) the nodular Fe-Si-Al -phase and (ii) Be-Fe phase (Al 8 Fe 2 BeSi) with a script-like morphology, as presented in Figures 3(b) and 3(c) . This observation is in agreement with the reported microstructure of Be-containing B357 alloys [19, 20] . It is shown in Figures 5 and 6 that the Be-Fe phase exists near or at the -phase platelets. A similar observation can be made from the thermal analysis results of the C3BS alloy. It is estimated that the formation temperature of this reaction is approximately 611 ∘ C which is close to the formation temperature of -AL; this would facilitate the precipitation of the Be-Fe phase in the interdendritic region, within the -AL, or both, especially in high Becontaining alloys of the order of 0.2 wt.% [14, [20] [21] [22] [23] . Also, this temperature is higher than the formation temperature of the preeutectic -Al 5 FeSi phase marked as peak (2) in Table 3 for the Be-free A1 alloy and for the Sr-modified Be-containing C3BS alloy, as shown in Figures 2 and 4 .
Based on the thermal analysis data and the corresponding microstructure, the addition of Be resulted in a change in the precipitation sequence of the iron intermetallics where peak (2) (Figure 6(a) ) corresponds to the possible formation of the Be-Fe phase. This observation was supported by Murali et al. [20] [21] [22] , who carried out an interrupted quenching experiment to detect the formation temperature of the BeFe phase (Al 8 Fe 2 BeSi). The authors found that the Be-Fe phase exists in the microstructure at the point where the melt quenched from the liquid temperature at 607 ∘ C. However, in the present work, the exact composition of the Be-Fe phase could not be identified with certainty. The precipitation sequence and the corresponding temperatures for the Al-7Si-0.8Mg-0.6Fe Be-containing alloy, in both the nonmodified and Sr-modified conditions C3B and C3BS, are listed in Table 3 . Figure 8 (a) is an optical microstructure of the Srmodified C3BS Be-containing alloy showing nodular Al-FeSi, in addition to other phases, whereas Figure 6 (b) reveals the irregular shape of the -phase platelets that may be caused by the addition of Be and its reaction with Fe. Figure 3 displays the cooling curve and its first derivative obtained from the C3BS alloy. From an examination of the microstructure of both the nonmodified and Sr-modified, Be-containing alloys, particularly alloys containing higher levels of Mg and Fe (alloys C3B and C3BS), a new reaction was observed to take place towards the end of solidification at a low cooling rate (0.4 ∘ C/s), as shown in Figure 7 . This new reaction is composed of a mixture of Mg 2 Si, -Al 8 Mg 3 FeSi 6 phase, Si particles, and possibly Be-Fe phase. It should be mentioned here that this reaction was not detected in any of the cooling curves, since the heat associated with this reaction is apparently too low. Table 4 lists the solidification times obtained from the C3 series of alloys. As can be seen, the solidification time for the C3B alloy is ∼22 seconds more than that obtained from the C3 base alloy. It may be suggested that this increase in the solidification time, due to the presence of Be, would result in the decomposition of the remaining liquid metal into the newly observed reaction [24] . However, the exact mechanism by which this reaction took place requires more investigation. Beryllium and strontium are the main parameters controlling the amount of this new reaction or precipitates. Table 5 summarizes the area and intensity measurements of the new reaction. It is found that addition of Sr to the nonmodified, Be-containing C3B alloy decreased the reaction particle area by 44% and intensity by 36%, respectively. Figure 8 is an example of the element distribution within the new reaction.
Observation of a New Reaction.
The intermetallic phases present in the alloys studied were of two types: either completely soluble or partially soluble. The Mg 2 Si phase was the completely soluble one as observed in the cast structure. This phase appears darker than, or closer An intensive study [5] was carried out on the decomposition of the -Al 8 Mg 3 FeSi 6 phase in an Al-Si-Mg B357-type alloy. This study has addressed this subject in detail, in which the reason leads to concentrating on investigating the characteristics of -Al 5 FeSi phase as the most iron intermetallic phase has a negative effect on the mechanical properties of such casting alloys, where this study has concluded that, after the recommended solution treatment, the Chinese-script -Al 8 Mg 3 FeSi 6 phase is completely decomposed into fine needles of the -Al 5 FeSi phase at 0.4 wt.% Mg but appears to only be partially decomposed at higher Mg contents, namely, 0.6-0.8 wt.%. The second conclusion reported was that adding of 500 ppm of Be reduces the amount of the -phase formed in Al7Si Mg-0.1Fe alloys; such Be additions also facilitate the decomposition of the -phase into the -Al 5 FeSi phase, particularly at higher levels of Mg content. Another conclusion suggested that long solutionizing times lead to a significant reduction in the amount of the -phase through the dissolution and decomposition of the -phase into fine -Al 5 FeSi phase platelets.
The histogram in Figure 9 illustrates the effects of Fe, Mg, Be, and Sr additions on the length of the -Al 5 FeSi phase. It is reported that iron intermetallics are affected by the cooling rate. Thus increasing cooling rate from using a graphite mold (DAS∼65 m) to a metallic mold (DAS∼24 m) would lead to decreasing the length of the -Al 5 FeSi phase by ∼50%. Also, a similar reduction in the -phase length can be obtained by adding Be and/or Sr. Increasing Mg and Fe up to 0.6 and 0.8 wt.%, respectively, results in a similar effect of reducing the -phase length. Additionally, increasing both of these elements increases the amount of the -phase in the matrix. These results agree with the work of Elsharkawi [5] . Figure 9 also illustrates how the addition of 0.02 wt.% Sr to Al-7Si-Mg-Fe alloys results in a slight decrease in thephase length, or the amount of the -phase, when compared to nonmodified alloys. This may be explained in terms of the presence of Sr which results in the breaking up of the -phase platelets, as reported by Samuel et al. [25] , thereby reducing the length and increasing the density of this -Al 5 FeSi phase platelets. The authors claim that Sr was absorbed by the -Al 5 FeSi phase platelets leading to their destabilization and fragmentation. This observation may contribute to an increase in the number of -Al 5 FeSi platelets available for the preeutectic reaction to occur, thereby forming further amounts of the -Al 8 Mg 3 FeSi 6 phase.
